In this paper, we study the behavior of atmospheric turbulence in the boundary layer and free atmosphere using balloon-born radiosondes. The data measurements were carried out with 168 balloons launched from 9 sites. Profiles of various parameters (C 2 N , M 2 and L o ) characterizing atmospheric turbulence are established. We work out statistical models of atmospheric turbulence in the boundary layer, and we checked their coherence by comparing them with other models. In the free atmosphere, the C 2 N profile is coherent with those of the models of Hufnagel and of Brown-Beland. A complete behavior of the outer scale L o is given from the ground up to 30 km which fits with partial models of Coulman-Vernin and Beland-Brown.
Introduction
The performances of large telescopes are highly dependent upon optical turbulence. The spatial distribution of the optical turbulence depends on meteorological conditions (wind, temperature, pressure and humidity) and also on local orographic disturbances. These parameters influence mainly the refractive index inhomogeneities throughout the atmosphere. Therefore, the knowledge of the spatial statistic of refractive index fluctuations is essential in the study of wave propagation in the atmosphere.
Optical turbulence modeling in the boundary layer allows us to forecast the observation conditions. Experiments have to verify some theoretical laws and to provide expressions of stability functions. Turbulence in the surface layer has been studied by Wyngaard et al. (1971) , for example, with the Kansas experiment. From these meteorological measurements, Wyngaard proposed similitude laws for the structure coefficient of the refractive index C 2 N that allows one to find asymptotic behavior of the C 2 N profiles versus height. The progress in meteorological simulations has been used to characterize wave propagation in a turbulent medium. The use of balloon-born thermal probes initiated by Coulman (1973) , and Bufton (1973a,b) greatly improved our knowledge. These in situ experiments are very useful tools for investigating astronomical seeing without using large telescopes. The same technique has been extensively used by Barletti et al. (1974 Barletti et al. ( , 1977 during the J.O.S.O. site testing campaign. In 1988, Coulman established a numerical model for the outer Send offprint requests to: A. Jabiri, e-mail: jean@vernin@unice.fr scale of turbulence using meteorological radiosonde data and Scidar measurements. Since this time, the turbulence modeling experienced a considerable development e.g. , Bougeault (1995) , and Masciadri (1998) .
In this paper, we present a statistical study of various parameters (C 2 N , M 2 and L o ), which provides useful information relevant to the physics of turbulence within the boundary layer and the free atmosphere.
Data processing

Theory
The theory of light propagation through a turbulent medium is now well established (Tatarski 1961; Roddier 1981) . The influence of atmospheric turbulence on the degradation of optical images has been widely investigated by several authors. Semi-empirical atmospheric models of turbulence intensity in the atmosphere with height are also given by Fried (1966) and Hufnagel (1974) .
The traditional way to characterize image degradation in astronomy is to measure the "seeing". This parameter gives a measure of the optical turbulence intensity related to the refractive index inhomogeneities. The seeing is described in terms of the full width at half-maximum intensity ε FWHM of a star at the focus of a telescope:
(1) where λ is the optical wavelength and C 2 N (h), the structure coefficient of the refractive index, is given by Tatarski (1961) :
L o is the outer scale of optical turbulence (expressed in m) defined in Kolmogorov theory and M the vertical gradient of potential refractive index, given by Coulman (1988) :
M is expressed in m −1 and A = 80 × 10 −6 K hPa −1 . P is the pressure expressed in hPa, T is the absolute temperature (in K) and θ is the potential temperature (in K) defined by:
Now, it is well established (Vernin & Muñoz-Tuñón 1992) that, in order to characterize a site for astronomical observation, it is necessary to know the turbulence in the boundary layer and in the free atmosphere. Therefore it is necessary to probe the atmosphere and to measure vertical profiles of turbulence to test or select a site for astronomical observations.
Physical separation between boundary layer and free atmosphere
Various physical factors involved in the generation of atmospheric turbulence lead us to separate the atmosphere into two slabs, the boundary layer and the free atmosphere.
Boundary layer
The boundary layer is the lower part of the atmosphere where thermodynamic properties are directly influenced by the interaction with the ground. This layer is dominated by daily variations of weather conditions. Measurements carried out in various sites showed that the atmospheric boundary layer could, according to the site, contribute to a major part of the whole atmospheric turbulence (i.e. ESO-VLT report, 1987 No. 55, from Sarazin) . In few other sites, like at Mauna Kea, Hawaii (Roddier 1990) or La Palma in the Canary Islands (Vernin & Muñoz-Tuñón 1992) , the boundary layer and the free atmosphere share an equal contribution to the overall optical turbulence. The boundary layer extends from the ground up to an altitude which varies from about 200 to 2000 m, depending on diurnal and weather conditions. In this paper, where only night measurements are processed, we checked that 1 km is a relevant threshold for model validity. Since our profiles were taken from various sites at various ground altitudes, our boundary layer (BL) processing is performed taking into account the above ground altitude, from 0 to 1 km.
Free atmosphere
The free atmosphere is the higher part of the atmosphere generally influenced by longer-term and meso-scale meteorological variations. It extends from the first kilometer above ground until the limit of the Earth's atmosphere (i.e. towards 30 km, in this study). It is the part of the atmosphere in which the ground effects influence no longeron horizontal flow, and we took sea level as the altitude reference. In other words, our free atmosphere processing refers to ASL altitudes, excluding the first kilometer from ground level which is used in the BL analysis. Low ASL altitudes allow a poorer statistical accuracy than at higher levels, where all the flights pass through.
Vertical resolution ∆h
Since the vertical ascent speed of the balloon is about 4 m s
and the temporal sampling is about 1.5 s, the vertical resolution is about 6 m. We processed our data within slabs of various thickness (∆h = 25, 50, 75, and 100 m) to reduce the noise which appears mainly in Eq. (3). Inside a ∆h layer, and for flight j we sort the h i altitudes where measurements exist either to compute < C 2 N > | ∆h, j or to fit a least square line to assess < M > | ∆h, j , the mean refractive index gradient, and thus the outer scale L o | ∆h, j .
Measurement technique
The measurement method involves the launching of meteorological balloons equipped with sensors that assess the microstructure of the thermal field during their free flight ascent the ground level up to approximately 30 km. A technique similar to that of Barletti et al. (1977) is used for the temperature structure function, which is defined as:
and is assessed by means of two 5 µm Wolfram wires separated by a distance r. The temperature and the refractive index, T and N respectively, assumed to be passive and conservative additives, follow the Kolmogorov spectral law, leading to: 
The payload, developed at the Département d'Astrophysique of Nice University (Vernin & Muñoz-Tuñón 1992) , consists of an electronic board to compute C 2 T (h) coupled to an "off the shelf" classical Vaissala meteorological sonde (to measure, P, T , Rh and wind) lifted to 30 km by a balloon at a vertical velocity of about 4 m s −1 . The radiosonde is attached to the balloon by a long (∼50 m) cord in order to avoid any possible turbulent wake effects.
The number and sites where the flights took place are listed in Table 1 . 
Results and discussion
According to Eq. (2) the outer scale L o can take very large values if M ∼ 0, i.e. when the potential vertical gradient δθ δh ∼ 0. In order to avoid too large L o values we discarded the largest ones, which correspond to M 2 ≤ 10 −21 , leading to a loss of about 3% of the processed data.
Boundary layer
In Figs. 1 to 6 are shown mean/median vertical profiles of C 2 N , M 2 and L o in the boundary layer for various vertical resolution ∆h. One can see that the three parameters behave like decreasing functions with altitude which can be fitted with an exponential law in the following way:
2 and L o , average and median, were "least squares" fitted with an exponential law. The functions which best correlate with the median and mean data are presented in Tables 2-10 for each layers thickness ∆h. The corresponding standard error is defined by:
where Y i is the median experimental values (mean values respectively) of C 
:
In Fig. 1 , we present the vertical profiles of the median and mean C 2 N in the boundary layer, with only the ∆h = 25 m results, for clarity. In Fig. 2 we show the same profiles for different layer thickness ∆h. The values rise abruptly when approaching the first meters corresponding to the surface layer. , and for various vertical resolutions.
As it seems that there is no unique ∆h giving the best fit, we average the A and p values of Tables 2 and 3, leading to  Table 4 .
Thus, the fitting functions of C 2 N in the boundary layer are described as: These functions show a height dependency close to h − 4 3 given by Wyngaard et al. (1971) but are in worse agreement with Gur'yanov (1984 Gur'yanov ( , 1988 , who found an h −2 dependency. Tables 5 and 6 .
As for C 2 N , we averaged A and p values for M 2 and summarized them in Table 7 .
Thus, the fitting functions of M 2 in the boundary layer are described as: Table 10 .
Fitting functions for L o in the boundary layer are described as:
and
These functions disagree with L o (h) = 2h −1/2 given by Good et al. (1988) . 
Here we chose to compare our results to those of the Hufnagel (1974) model. This model has been developed by collecting the available experimental C 2 N profiles and then working out a physically reasonable mathematical process which agrees with these profiles. Hufnagel synthetized a model valid for (ground + 3 km) < h < 24 km: where h is the altitude in meters above sea level and r is a Gaussian random variable such as < exp(r) > = e = 2.7 × W(m s −1 ) is a correlation factor related to scintillation, expressed by:
and V(h) is the wind speed at altitude h. From our 168 soundings, we obtained W = 18.6 m s −1 , which is very close to the 18 m s −1 found by Hufnagel. In Fig. 7 , one can see a good agreement between the C 2 N mean Hufnagel profile and ours. Beyond 24 km, the C 2 N decreases very slowly. This trend agrees well with that obtained by :
valid for 17 km ≤ h ≤ 24 km, with h in km. -Vertical gradient of refractive index M 2 : Figure 8 shows the M 2 results in the free atmosphere. We notice that the M 2 profile follows an almost linear variation with three different slopes.
-Outer scale of turbulence L o :
In Fig. 9 , our L o profiles are superimposed on that given by the and Coulman-Vernin (1988) models. The Beland-Brown model is approximated by:
valid for 17 km ≤ h ≤ 30 km, with h in km. the CoulmanVernin model is fitted with:
valid for 2 km < h < 17 km.
One can see a spectacular agreement between our L o mean profile and the Coulman-Vernin model in the 5 km < h < 17 km range, and between our L o mean profile and Beland-Brown model in the 20 km < h < 30 km range. As the SCIDAR, in this epoch, did not detect the turbulent layers in the first kilometer, the model Coulman-Vernin model could not evaluate the outer scale of turbulence at low altitude. Accordingly, in the low layers, our measurements fill the gap in the Coulman-Vernin model.
Wavefront outer scale (£ o )
Generally, The size of the largest eddies in each layer gives a rather good approximation of the outer scale L o . Star light crosses several turbulent layers, each one is characterized by a The combination of all these effects on the wavefront passing through the whole atmosphere results in defining a coherence wavefront outer scale £ o (Borgnino 1990) , which is connected to the local geophysical parameter (L o ) and the optical energy of turbulence C 2 N :
Several methods were worked out to measure £ o . One will find a summary of most of the wave-front outer scale measurements in Avila et al. (1997) . Generally they are based on interferometric techniques or wavefront analysis. Mariotti (1984) have used the I2T interferometer of CERGA to estimate the outer scales of the order of 8 m. On the other hand, by using the Mark III interferometer (at Mount-Wilson), Colavita et al. (1987) estimated the outer scales higher than 2 km. Buscher et al. (1991) found values of about 30 m with the same interferometer, invalidating the Colavita result. The angle of arrival fluctuations acquired from a HartmannShack analyzer's made possible to find outer scales between 5 m and 8 m (Tallon 1989) . In the framework of the COME ON experiment , and Rousset et al. (1991) found an outer scale of about 50 m.
The analysis of the DIMM data show that the outer scale can take a value between 5 m and 100 m (Ziad et al. 1994 ). In addition, the first results of £ o monitoring with the Grating Scale Monitor at Mont-Gros (Nice) and the Calern plateau respectively show £ o values of the order of 50 m and 300 m. All the previous methods are model-dependent, which means that experimental data are analysed through the assumption of a Kolmogorov spectrum, but truncated at its extremities in different ways (see Lutomirski & Yura 1971; Gardner 1976 , and references therein).
On the other hand, Fuchs (1995) and Coulman et al. (1988) estimated the outer scale from Eq. (2) where L o is defined as an integral length, as it is assumed in this article. All our L o measurements are less than 5 m. Such a large difference is likely due to the different definitions of the outer scale. Fortunately, during the Gemini campaign in 1998, we had both the GSM and the instrumented balloons working simultaneously. In Fig. 10 we give 7 £ o measurements deduced from the GSM and the balloons, taken during the Cerro Pachón site testing campaign, in October 1998. If we exclude one measurement (£ gsm = 28.5 m, £ bal = 7.3 m) a linear regression gives a line £ bal = 0.076 £ gsm . This result is not an explanation, but encourages us to analyse in more detail the influence of the various definitions of the outer scale, depending upon the type of technique used.
From our 168 soundings and using Eq. (21) we found £ bal median = 1.27 m and £ bal mean = 3.5 m. According to our previous discussion, this would lead to a model-dependent £ model median = 16.7 m and £ model mean = 46 m, which is very close to the values issued by the GSM (Avila et al. 1997 ).
Conclusion
The analysis of radiosonde data performed at various different astronomical sites allows us to determine the mean and median profiles of C 2 N , M 2 and L o in the boundary layer and the free atmosphere separately.
A conclusion to be drawn from this work is the decreasing power law with altitude for each of these parameters. The deduced models are based on a statistical approach and lead to a better understanding of the behavior of these parameters relevant to the optical quality of the atmosphere in the boundary layer and in the free atmosphere. Our parametrization fills certain gaps found in other models such as the Coulman-Vernin model for L o or Hufnagel model for C 2 N , giving the statistical behavior of these parametrers from the ground up to 30 km.
An other important result obtained in the boundary layer is the h − 4 3 dependency of C 2 N with height, which confirms Wyngaard et al. (1971) result during the night, but invalidates the h −2 Gur'yanov (1984) dependency. In the free atmosphere, the Hufnagel model agrees well with our results. In the same way, the comparison with the Brown-Beland models is spectacular for the L o trend in the stratosphere. In the 5-10 km region there is also an impressive agreement between the Coulman-Vernin model and our's.
It is the first time that a complete median and average C 2 N (h), M 2 (h) and L o (h) profile, from the ground up to 30 km, is available. Unlike other previous attempts, our results cover a wide variety of latitudes and longitudes, increasing their validity.
